An animal's phenotype results from a balance of opposing Temperature profoundly influences the physiology and life his-selection pressures operating at different spatial and tempotory characteristics of organisms, particularly in terms of body ral scales. Perhaps the most obvious manifestation of phenosize. Because so many critical parameters scale with body mass, type is size, which may be influenced by such factors as long-term temperature fluctuations can have dramatic impacts. maternal investment, digestive efficiency, fecundity, crypsis, We examined the response of a small mammalian herbivore, the competitive pressures and thermal constraints. Of these, tembushy-tailed woodrat (Neotoma cinerea), to temperature change perature in particular has been demonstrated to operate over from 20,000 yr B.P. to present, at five sites within the Colorado large-scale spatial and temporal dimensions (Andrewartha Plateau. Our investigations focused on the relationship between and Birch, 1954; Mayr, 1956 Mayr, , 1963 Birch, 1957 Carl Bergmann (1847) is routinely credited with the notion that responses to temperature fluctuations during the late Quater-that the heat loss of an organism is proportional to its surface nary have been very similar. Although woodrat mass and the oc-to volume ratio, an observation that led to the ecogeographic currence of several plant species in the fossil record were signifi-rule that bears his name (but see quote above). Bergmann's cantly correlated, in virtually all instances changes in woodrat size Rule states that there is a positive relationship between body preceded changes in vegetational composition. These results may size and latitude, presumably resulting from the selective advanbe due to the greater sensitivity of woodrats to temperature, or to tage of a higher body surface to volume ratio in warm areas, or the shorter generation times of woodrats as compared to most conversely, to the reduced heat loss that accompanies a lowered plants. An alternative hypothesis is that winter temperatures insurface to volume ratio in higher-latitude climates (e.g., Mayr, creased before summer ones. Woodrats are highly sensitive to 1956 Brown and Lee, 1969). Recently, Bergmann's rule warmer winters, whereas little response would be expected from has been demonstrated to hold for temporal as well as spatial forest/woodland plants growing at their lower limits. Our work suggests that woodrat size is a precise paleothermometer, yielding temperature fluctuations (Davis, 1977(Davis, , 1981 Purdue, 1980 ; information about temperature variation over relatively short-term Klein and Scott, 1989; Smith et al., 1988; temporal and regional scales. ᭧ 1998 University of Washington. but see Dayan et al., 1991), reinforcing the importance of tem-
INTRODUCTION
different frequencies. Redistribution of land masses and mountain uplift drives large-scale changes in global climate Toute chose étant égale d'ailleurs, des corps de même nature perdent à chaque instant des on scales of 10 6 yr, while changes in the earth's orbital parameters (Milankovitch forcing) pace changes on scales quantités de chaleur qui sont proportionnelles à l'étendue de leur surface libre . . . [roughly of 10 4 and 10 5 yr, including glacial-interglacial cycles. At the scale of 10 3 yr, the Greenland ice-core record documents translated-''all else being equal, bodies of the same nature lose at each instant quantities more than 20 abrupt, millennial-scale warming events during the last glaciation, referred to as ''Dansgaard-Oeschger inof heat which are proportional to the extent of their free surface . . . ''] terstades '' (Dansgaard et al., 1993) . Warming apparently occurred within decades, followed by gradual return to gla-- Rameaux and Sarrus (1838; p. 1095) cial conditions over hundreds of years. These 2000-to 3000-conditions may have been considerably more xeric. The sampling design was able to detect possible species replaceyr oscillations occur in series (referred to as Bond cycles), in which the amplitude increases until an unusually cold ments, however, and fossil evidence was used when available to verify species identification independently. phase, or Heinrich event, is succeeded by unusual warmth (Bond and Lotti, 1995) . From the so-called ''hothouse'' cliOn the Colorado Plateau, most middens were located in recessed rock shelters within sandstone or limestone cliffs. mates of the Eocene to the Dansgaard-Oeschger events of the Pleistocene, global temperature fluctuations no doubt Sites were chosen that had yielded relatively long chronosequences (N ranged from 3 to 17, although not all middens have exerted substantial selection pressures on organisms, as evidenced by the fossil record for expansion and contrac-from a location were available), in some instances spanning 20,000 years or more. Most middens already had been radiotion of the world's major biomes throughout the Neogene (Huntley and Webb, 1988) . carbon dated; for these samples all measurements were conducted before the dates were obtained. Modern temperatures Here, we examine the influence of temperature fluctuations over the past 20,000 years on the body size of woodrats for each site were extracted from the Historical Climatology Network (HCN) and generally represented a 70-to 100-yr (Neotoma) in the Colorado Plateau. Woodrats, small herbivorous rodents, have been demonstrated to be particularly average. Temperature records were adjusted for elevational differences as necessary, using a warm-month lapse rate of sensitive to temperature (e.g., Lee, 1963; Brown, 1968; Brown and Lee, 1969; Smith et al., 8.78 { 0.80ЊC/km (r Å 00.964, p õ 0.001), and cold-month lapse rate of 6.9 { 1.8ЊC/km (r Å 00.789, p õ 0.004) for 1988). We focus on five sites that span a relatively restricted geographic region, and compare the response of woodrats Southwestern Colorado (Meyer, 1992) . both within and between locations. Body mass is estimated from fossil fecal pellets taken from woodrat paleomiddens; Midden Processing and Pellet Measurements dates were determined by radiocarbon dating. Relatively Indurated middens were disassociated by soaking in water long chronosequences from each site permit the evaluation for several days (e.g., Spaulding et al., 1990) . After drying, of woodrat response from what is presumably a single poputhe materials were sieved and the fecal pellets segregated lation, as well as investigation of the possible covariation from the other materials. Pellets were subsequently sorted between plant occurrence and woodrat size change.
on the basis of size. The width of the largest Ç200 pellets (or Ç20% of those available, whatever was greater) was
MATERIALS AND METHODS
measured to the nearest 0.1 mm, using digital calipers. Previous work had determined that pellet width is significantly Study Sites related to body mass (r 2 Å 0.69; p õ 0.0001); the relationship is not appreciably affected by diet, gender or species (Smith The study sites were located in a region bounded by the Colorado Plateau, and all were within the modern distribu-et al., 1995) . Previous work had also indicated that measuring 10-20% of the sample is sufficient to characterize the tion of the bushy-tailed woodrat, Neotoma cinerea (Fig. 1; Hall, 1981) . During full-glacial time N. cinerea may have largest pellets; above this threshold maximum size does not vary with sample size. When fewer than 200 pellets were ranged as far south as northern Mexico (Harris, 1984 (Harris, , 1985 (Harris, , 1993 . As in many boreal animals, southern distributional present, all were measured. Pellets with widths less than 4.0 mm (Ç90 grams) were discarded because of a large increase limits were shifted northward and to higher elevations as climate warmed. The modern distribution of several other in measurement error that arose at these size classes , and because of the difficulty in excluding juvewoodrat species (N. lepida, the desert woodrat; N. albigula, the white-throated woodrat; N. mexicana, the Mexican woo-nile woodrats or even large deer mice (Peromyscus spp.).
The mean, standard deviation, and 95% confidence interval drat) overlap that of N. cinerea in the southern portion of the Colorado Plateau. There are clear habitat preference dif-of the 10, 20, and 50 largest pellets, respectively, were calculated, as was the grand mean. The mean of the 20 largest ferences among each of these different species, however, and the others are not only much smaller but are primarily (hereafter denoted as mean 20 ) was chosen to represent body size rather than the grand mean because it (i) was not sensirestricted to low-elevation, xeric sites (Finley, 1958; Smith, 1997) . Because N. cinerea is the largest and behaviorally tive to sample size, (ii) minimized measurement and/or environmental error, (iii) avoided the confounding effects of ondominant woodrat in the Southwest, as well as the only mesic or montane adapted species (Finley, 1958; Brown and togeny, (iv) excluded pellets from other commensuals (e.g., large bodied Peromyscus spp.), and perhaps most impor- Lee, 1969; Smith, 1997) , microhabitats that are currently occupied by this species are unlikely to have been inhab-tantly, (iv) provided additional verification that middens were constructed by N. cinerea (no other woodrat within the itated by other species in the past. Exceptions may have occurred in the southern part of their distribution during the region overlaps in maximum body mass, and even subadult N. cinerea are usually larger than the largest individuals of middle Holocene (8000-4000 yr B.P.), when environmental other coexisting species). Results were qualitatively similar, any other statistic. In other instances, however, samples sizes were not great enough to rule out the potential of introduced however, regardless of the number of pellets chosen.
Most middens had been previously radiocarbon dated on bias, so middens radiocarbon-dated on pellets were not utilized. Measurements were conducted on Lyman Lake samplant macrofossils. With the exception of Bison Alcove, middens dated with pellets were not used because of possible ples prior to radiocarbon dating.
Histograms were plotted for each midden sample to bias introduced by removal of the radiocarbon sample. Although Bison Alcove middens were dated on pellets prior examine the shape of the pellet width distributions. If two distinct climatic regimes (or a species replacement) had to measurement, it is unlikely that removal of a small aliquot of pellets from the several thousand contained in these sam-occurred within a deposition interval, we anticipated that the histograms might exhibit a skewed or bimodal shape. ples materially biased our measurements. We tested this assumption by comparing the rank order of pellet sizes calcu-As expected, for most samples the histograms approximated a left-truncated normal distribution. The two or lated with the inclusion or exclusion of the designated radiocarbon aliquot for several undated middens from Bison three Lyman Lake middens with samples sizes below 100
were more difficult to characterize, but no paleomiddens Alcove. Results of this analysis confirmed our supposition (t-test, p ú 0.05, df Å 1). We found absolutely no difference demonstrated a strikingly skewed or bimodal distribution.
The shapes of the histograms did not suggest that two among overall rank order, mean 20 , standard deviation, or mass of contemporary populations was chosen so that results could be compared directly with the paleomidden data, and because other work suggested that mean body mass of a population underestimated the effect of temperature on woodrats (F. A. Smith, unpublished data), Estimates of mean body mass generally incorporate subadult animals that have attained body masses within the range of mature individuals, but have not yet successfully overwintered. By utilizing maximum mass, we ensured that animals had experienced multiple episodes of thermal (both hot and cold) selection. Relative temperature for each paleomidden was calculated by dividing the temperature estimated from the paleodata by the estimated modern temperature from a modern midden at the same location. We were unable to calculate relative temperature for Allen Canyon Cave because we did not have a modern midden from this location. (Betancourt et al., 1983; Betancourt, 1984 Betancourt, , 1990 ; calculated as the mean of the three largest individuals from each location Sharpe, 1991; P. Koehler, written communication, 1995) . from a pool of 20-100 adult animals. Weather data represent a minimum Abundances classified as ''none'' or ''trace'' (0 or 1, respecof a 50-year average and were obtained from the Historical Climatology tively on a relative scale) were considered to be absent; Network. Maximum body mass was used rather than the grand mean to greater abundance (e.g., 2-5) was considered present. Anal-  spruce (Picea pungens) would have been growing at or near y Å 0.005x / 3.559; r 2 Å 0.69; p õ 0.0001). Chronotheir lower limits during the Pleistocene. sequences for each site were graphed using the mean 20 versus uncorrected radiocarbon date. Relative size was calculated
Plant Analyses

RESULTS
for each paleomidden by dividing the mean 20 pellet width by the mean 20 pellet width for a modern midden from the Chronosequences same location. This permitted the simultaneous comparison of sites spanning different latitudes and elevations, but left Results were qualitatively similar at all five sites ( Fig. 3 ; Table 1 ). Woodrats were larger during the late Pleistocene some scatter representing geographic variation in the timing and magnitude of various paleoclimatic events. and declined to near modern sizes by early in the Holocene. There appears to be a latitudinal effect, with body mass of Mean July and January temperatures were estimated for each paleomidden, using regression equations derived from woodrats at the southern sites decreasing earlier than those farther north, but this conclusion is complicated by the inthe relationship with spatial variation seen among contemporary bushy-tailed woodrats ( Fig. 2 Bars around values represent the 95% confidence interval. If no bars are indicated, the uncertainty in the estimate was less than the size of the symbol. Deposition dates were determined by radiocarbon dating the pellets and/or plant macrofossils within the midden, and are uncorrected. Exact locations and details regarding sites are provided in Figure 1 and Table 1. than the northern ones) may partially obscure such a relation-rat habitat and it seems unlikely that it was replaced by the desert woodrat, Neotoma lepida, a xeric-adapted animal that ship. Although the decrease in woodrat body size seen at the Pleistocene/Holocene is monotonic for all sites, considerable occupies drier, lower-elevation sites nearby. A possible explanation is the poor preservation of larger pellets in the variation is evident during the mid to late Holocene. During the mid-Holocene, for example, body mass decreases at all older middens at this relatively wet site.
Estimates of January and July temperature derived from each sites, but an abrupt increase in body mass is seen at about 2000 14 C yr B.P. (Figs. 3A, 3D , and 3E). These trends are paleomidden are provided in Table 1 . Correspondence between temperature estimated from modern (or the youngest) middens consistent at all sites with paleomiddens of these ages.
The small body mass suggested by the two Allen Canyon at each location and that taken from weather stations is generally good (Table 2) . July values derived from modern middens, Cave paleomiddens was completely unexpected. The estimates for this location, although internally consistent, are for example, differ by an average of only 3.9 ({4.2)ЊC from the HCN database. When Bison Alcove is excluded, the differdiscordant with other sites (Table 1) . Allen Canyon Cave is located at about 2200 m in a fairly mesic habitat. The shady ence is just 1.5 ({1.2)ЊC. The underestimate for Bison Alcove is puzzling. The very large body mass of these animals (mean 20 alcove today supports a grove of Douglas fir (Pseudotsuga menziesii), ponderosa pine (Pinus ponderosa), quaking ú 480 g; Table 1 ) suggests a July temperature estimate of 14.7ЊC for the modern (undated) midden; an underestimate of aspen (Populus tremuloides), and maple (Acer grandidentatum), with pinyon-juniper woodland growing on the exposed 10.9ЊC. Although Bison Alcove is the highest latitude site, it is also at the lowest elevation (1220 m; Table 2 ). ridgetops above the cave. This is classic bushy-tailed wood- Note. N was the total number of pellets measured. Pellet width (in mm) represents mean 20 ; relative size is the mean 20 of a midden divided by that of the modern (or youngest) midden from the locality. Body mass was estimated from mean 20 pellet width see text) . CI refers to the confidence interval. Estimated July and January temperatures were calculated from mean 20 using the regression equations presented in Figure 2 . Midden ages were determined by tandem mass accelerator and are given in unadjusted radiocarbon years before present. See Figure 1 and legend for midden locations.
The correspondence with January values is not as close 7.0 ({3.1)ЊC (Table 2) . Cold temperatures were consistently underestimated at all locations. It should be noted that as with July temperature; the mean discrepancy between the four modern middens and their nearest weather stations was ''modern'' middens were typically loose conglomerations Note. Temperatures were adjusted for elevational differences using lapse rates for southwestern Colorado (Meyer, 1992 ; see text for details).
on the surface or top strata of the cave, that had been identi-Plant Macrofossils fied by the collector on the basis of appearance, location or Of the twelve species of plant macrofossils present, only associated plant fragments as being of modern origin. They six (Rhus tribobata, Juniperus osteosperma, Pinus flexilis, were not actually radiocarbon-dated. Thus, it is possible that Pinus edulis, Pinus monosperma and Juniperus scopulorum) some or all modern middens may actually be 5-200 yr old.
were found in sufficient middens (ú10) to warrant analysis Because of the statistically indistinguishable slopes be- (Table 3) . Four of these yielded significant differences between January and July temperatures and woodrat body mass tween woodrat body mass and the presence or absence of (Fig. 2) , relative temperature estimates for the individual macrofossils (one-way ANOVA, p õ 0.02 in all instances, paleomiddens yielded almost identical anomalies (Table 1) .
df Å 17-25; Fig. 5 ). In several instances of warm-adapted Consequently, we have presented only relative July temperaplants (Rhus tribobata and Juniperus osteosperma), relative ture here (Fig. 4) . The estimates derived from woodrat body body size was smaller when the plant macrofossils were mass suggest that July and January temperatures for Bison present than when they were absent (Fig. 5) . Relative body Alcove were as much as 10ЊC cooler during the last glacial mass was larger when the macrofossils were present for the maximum (LGM) than today (Fig. 4A) . Although the LGM other plants (Pinus flexilis, Pinus edulis, Pinus monosperma, is not represented at Fishmouth Cave, estimates from about and Juniperus scopulorum). Results were not influenced by 13,800 14 C yr B.P. suggest differences of about 4-5ЊC at the particular paleosite from which the macrofossils were this time. The two southern locations (Lyman Lake and Atobtained (p ú 0.05 in two-way ANCOVA). Five of the six latl Cave in Chaco Canyon) suggest differences of in excess comparisons between plant presence/absence and body mass of 6ЊC (Fig. 4b, c) . The relative temperature estimates for went in the predicted direction (one-tailed Wilcoxon's Fishmouth Cave and nearby Bison Alcove are strikingly signed rank test, p õ 0.05; Fig. 5 ). The covariation seen consistent (Fig. 4A) . Modern temperatures were evident by between plant presence and woodrat body mass, however, about 12,000 14 C yr B.P., with a warmer period between was probably due to a common reaction to temperature fluc-10,000 and 4000 14 C yr B.P., and a slight cooling of Ç1ЊC tuations. Woodrat body-size change preceded (in most inabout 2000 14 C yr B.P. stances) or at the very least coincided with the disappearance The onset of the interstade was both earlier and more of cold-adapted plants from the midden record (Table 3 ). abrupt at Lyman Lake than at other sites (Fig. 4B) , presumIn the case of Rhus tribobata and Juniperus osteosperma, ably reflecting its more southerly location (Fig. 1) . Nearwoodrat body size decreased before the appearance of the modern temperatures are evident by Ç15,000 14 C yr B.P. plants in the midden record (Table 3 ; Fig. 5) . Thus, the The cooler period at Ç12,000-10,000
14 C yr B.P. (some 1Њ presence or absence of particular plant species apparently to 1.5ЊC) may reflect Younger Dryas cooling. Temperatures was not the proximate nor ultimate cause of woodrat bodywere about 1ЊC warmer during the middle to late Holocene. mass changes. Temperature estimates for Atlatl Cave are somewhat more difficult to interpret since no middens dated to the last degla- 14 C yr B.P. with most warming occurring by 12,300 14 C yr B.P. Modern temperatures were reached at Ç11,300 14 C yr. B.P., and a warming trend occurred over most of the Holocene. We observe the same general trend, although our data indicate more fluctuations within the mid-Holocene and an earlier onset of warming beginning at about 16,000 14 C yr B.P. (Fig. 3 ; however, several of our midden sites are older than those used by Elias). In addition to concordance with the overall qualitative trend, our quantitative estimates of July temperatures closely approximate those of Elias (1996) , suggesting full-glacial values Ç9-10ЊC colder than today (Table 1, Fig. 4) . We do vary considerably in our estimation of January temperatures over these time periods. Our data suggest January temperature anomalies of about 4-6ЊC at about 14,000 14 C yr B.P. (Table 1 ), values that differ considerably from Elias's (1996) somewhat inexplicable estimate of 26-30ЊC.
Coupled with the temperature fluctuations of the late Quaternary were shifts in the seasonality, distribution, and abundance of precipitation (Thompson et al., 1993) . Although we cannot exclude the possibility that some measure of the changes observed in woodrat body size were in response to alterations in precipitation, this seems unlikely. Among contemporary woodrat populations no relationship has been detected between woodrat body mass and precipitation (Smith et al., 1998) .
That changes in woodrat body mass preceded vegetational changes (Fig. 5) is not unexpected, given the generally longer generation (and hence response) time of plants. It does suggest that woodrat body size responded primarily to temperature fluctuations and not to vegetational changes. This is not to say that alterations in plant composition and abundance are unimportant to woodrats. Although perhaps only marginally influencing body mass, vegetational changes directly impact other aspects of the life history and ecology of woodrats. As hindgut herbivores, for example, woodrats must deal with secondary compounds and other substances that influence plant quality (Justice and Smith, 1992; . Vegetation shifts also may be instru- We suspect, for example, that a species replacement oc-(C) Atlatl Cave. Relative estimated temperature is calculated by dividing the temperature estimate for each paleomidden (Table 1) , by the temperature curred at Lyman Lake (Fig. 3e) . Estimated maximum body estimate for a modern midden from the same location. mass at this site during the mid-Holocene is below that seen among contemporary populations of N. cinerea at their southern distributional limit (Ç300 g; Smith, 1997; Fig. 2) . Lyman Lake is situated at about the modern southern are seen within relatively short time scales-on the order distributional limit of N. cinerea, well within the distribuof 200-1000 yr (Fig. 2) -corroborating suggestions that tions of a number of other woodrat species (Hall, 1981) . climate shifts occurred rapidly (e.g., Allen and Anderson, During the warmer conditions of the Altithermal, N. cinerea 1993).
may have retreated to a higher elevation site, allowing ocOur results correspond well both quantitatively and qualicupation by another more xeric species (e.g., N. albigula, tatively with those of other researchers in this region. Based N. mexicana). At other ''marginal'' sites, we have observed on insect assemblages, Elias (1996) suggested that regional climates in the Rocky Mountains began warming by 14,000 rapid species shifts during the mid to late Holocene, re- Betancourt (1984 Betancourt ( , 1990 , Koehler (written communication, 1995) , and Sharpe (1991). Scale: 0 Å absent, X Å present (1 Å rare . . . 5 Å abundant); blanks indicate data were not available.
b Juniperus osteosperma macrofossils for the Lyman Lake site may actually be Juniperus scopulorum; we have not independently verified their identification.
